Wildfire is an important disturbance to Arctic tundra ecosystems. In the coming decades, tundra fire frequency, intensity and extent are projected to increase due to anthropogenic climate change. To more accurately predict the effects of climate change on tundra fire regimes, it is critical to have detailed knowledge of the natural frequency and extent of past wildfires and how they responded to past climate variability. We present analyses of fire frequency and temperature from a lake sediment core from the Yukon-Kuskokwim (YK) Delta. Our ca. one thousand macroscopic charcoal record shows more frequent but possibly less severe tundra fires during the first half of the last millennium, whereas less frequent, possibly more severe fires characterize the latter half . Our temperature reconstruction, based on distributional changes of branched glycerol dialkyl glycerol tetraethers (brGDGTs), shows slightly warmer conditions from ca. AD 1000 to 1500, and cooler conditions thereafter (ca. AD 1500 to 2000), suggesting that fire frequency increases when climate is relatively warmer in this region. When wildfires occur more frequently, fire severity may decrease due to limited biomass (fuel source) accumulating between fires. The data suggest that tundra ecosystems are highly sensitive to climate change, and that a warmer climate, which is predicted to develop in the near future, will result in more frequent tundra wildfires.
. Empirical studies have used these relationships to 127 develop calibrations of the relative abundances of brGDGTs to mean annual air temperature and 128 pH (Weijiers et al., 2007.; Peterse et al., 2009; De Jonge et al., 2014) .
129
To analyze the brGDGTs, a 1 cm 3 subsample was taken from 20 homogenized lake 130 sediment samples and freeze dried. The lipids were extracted with 9:1 dichloromethane:methanol 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   9   139 1034, 1032, 1022, 1020, 1018, and 744. brGDGTs were quantified by integration of the peak 140 areas (Loomis et al., 2015; Russell et al., 2018) .
141
Many studies have shown that under the same temperatures, the relative abundances of 142 brGDGTs in soils and those in lake sediment differ (Buckles et al., 2014; Loomis et al., 2014) .
143
Therefore, both soil-specific calibrations and lake-specific calibrations exist to convert brGDGT 144 distributions to temperature, depending on brGDGT source. As soil-and lacustrine calibrations 145 can differ by nearly 10 ºC, misapplication of brGDGT calibrations will result in unrealistic 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   10   162 MBT' 5ME = (Ia + Ib + Ic)/(Ia + Ib + Ic + IIa + IIb + IIc + IIIa) 163 MAAT MBT'5ME = -8.57 + 31.45*MBT' 5ME
164
where Ia, Ib, etc. refer to the fractional abundance of the structures of brGDGTs.
165
Weather data collected at PABE likely resulted from reworking of macrofossils from erosion of old soil/permafrost; such 177 reworked terrestrial macrofossils are common in Arctic lake sediments (Oswald et al., 2005) .
178
The cause of the abnormally young date is more difficult to explain, but likely resulted from 179 sample contamination or movement of the macrofossil during core acquisition or extrusion.
180
Including this age would require rejection of all other 14 C ages in the core are would imply 181 sedimentation rate on the order of ~1 cm/yr, much higher than values typically observed in the 182 Arctic (Hermanson, 1990) .
183
We assumed that the core top represents the year of core acquisition, AD 2017. We are 184 confident that we recovered the sediment water interface, as we observed an intact sediment- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   11   185 water interface in the field, and we observe peak in charcoal concentration in the uppermost 186 sample that likely corresponds to a fire in AD 2015. Although it is possible that the sediment at 187 the core top is truly not modern (i.e. that our core site has not received recent sediments), Lake
188
Lin is small and shallow, and we carefully selected the core location to provide a continuous,
189
representative and undisturbed sequence. We cored at the deepest and flat part of the lake to 190 avoid shoreline erosion since deeper and flatter areas tends to be less prone to mixing processes 191 in shallow lakes (Smol, 2008) . We also avoided close to the inlet and outlet in order to minimize 192 a possibility of mixing due to water flows.
193
The age-depth model indicates that the core extends to about AD 1000 (AD 820 -1160 at 194 95% confidence interval; Figure 2 ). We chose a regression (order = 1) for our age-depth model We infer the charcoal peak in the topmost sample to be derived from the AD 2015 fire, which is Fire frequency in our record remained constant at 1 fire/100 yr from ~AD 1000 to 1300.
208
After AD 1300, the frequencies decline to a minimum 0.26 fires/100 yr by AD 1550 (Figure 3b ).
209
Fire frequencies fluctuate after AD 1550 but never reach the pre-1300 frequency of 1 fires/100 yr 210 (Figure 3b ). Based on these estimates of FRIs, we divide the fire record into 2 intervals: Zone 1, 
217
The YK Delta experienced a major fire in AD 2015. Three other recent wildfires were 218 recorded within a 10-km radius of Lake Lin, namely fires in AD 1972 AD , 1988 AD , and 2002 . The 219 boundaries of some of these fire events overlapped, indicating repeated burning of some areas.
220
Lake Lin is located inside the AD 2015 burn, whereas the older burns are at least 4 km away 
228
MAAT MR , and MBT' 5ME , show similar trends over the last millennium ( Figure 5 ). The
229
MAAT MBT'5ME shows the highest overall temperature values, whereas the MAT mr shows the 
233
The MAAT MBT'5ME record shows only modest variability, with a slight overall cooling 234 trend over time (Figure 3c ). We examined the relationship between temperatures in Zones 1 and 235 2 defined by our fire record and found that the means of these two temperature zones were 236 significantly different in a student's t-test (p < 0.001), though it must be noted that the errors of 
Discussion

247
The fire history of the Yukon-Kuskokwim Delta, Alaska
248
Our charcoal record documents 8 major fire episodes over the last millennium.
249
Comparing our record to macroscopic charcoal records from other sites in Alaska, we found that 250 the Lake Lin region experienced more fire episodes during the last millennium and shorter 251 overall mean FRI than other records ( Figure 6 ; Table 2 ). Some lakes, particularly those on the
252
North Slope, record one or fewer fire episodes during the last 1,000 years (Hu et al., 2015;  are predominantly easterlies, so wind-driven differences in charcoal transport to the lakes are 279 unlikely to have caused this disconnect. Therefore, the size of the lake and the dispersal distance 280 of charcoal particles likely contribute to the differences in CHAR rates and fire episodes.
281
Atmospheric deposition and rivers can introduce charcoal particles to the lake (Whitlock et al., therefore detect fewer fires than in a small lake, such as Lake Lin (Mustaphi et al., 2015) .
285
That said, our GIS analysis shows that there is no observed fire within a 20-km radius 286 from Tungak Lake (Figure 7 ). In contrast, Lake Lin is located within the burned area of the AD 287 2015 fire event, and approximately 5 km away from three other small known fires. Although 288 these smaller events did not result in CHAR peaks crossing our threshold for background 289 variability, a CHAR peak at ~AD 1980 might correlate with the AD 1972 fire event, which is 290 above the natural background line but lower than our threshold. Thus, the fire record from Lake
291
Lin macrocharcoal (>250 μm) can record tundra fires at the local scale (<5 km from the lake).
292
The frequency of fires recorded in Lake Lin relative to other regional sites suggests Lake Lin is 293 quite sensitive to local fires, and that the region around the lake has burned frequently during the 294 last ~1,000 years.
296
The temperature of the last millennium in the Yukon-Kuskokwim Delta, Alaska
297
To our knowledge, the Lake Lin brGDGT analysis represents the first temperature record 298 spanning the last millennium from the YK Delta, Alaska. A lack of tree-ring records from this 
315
In contrast, the 20 th century warming observed in the Arctic and Alaskan temperature 316 composites is not apparent in the Lake Lin record, which shows a minor cooling (~ -0.5°C). This 317 cooling is within the typical sample-to-sample variability of our brGDGT data, but it is also 318 possible that the YK Delta has been less sensitive to anthropogenic warming over the last 319 century than other regions in the Arctic, and might respond to the warming more slowly than 320 other regions. Indeed, some observational and proxy records of temperature in Alaska also show 321 a cooling trend during the last century, similar to that of Lake Lin (Southern Alaska: D'Arrigo et 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Del Genio et al., 2007; Romps et al., 2014; Wendel, 2014; Magi, 2014) . Indeed, a 346 few climate modeling studies have predicted an increase in total burned area in high latitudes as 
360
Although fire frequency increased in the warmer conditions that existed during the first 361 part of the last millennium, our data tentatively suggest higher CHAR magnitude during the 362 colder conditions of the latter half of the last millennium. Typically, CHAR peak magnitude 363 depends on fire severity, distance from the lake to the wildfires, and connectivity of fuel on the 364 land, which can control fire extent (Power et al., 2008; Whitlock et al., 2010; Flannigan et 
Conclusion
380
We reconstructed wildfire and climate history of the YK Delta, Alaska over the last millennium 381 using multiproxy analyses of lake sediments. Our results show that wildfires occurred less 382 frequently but possibly with increased severity over the past millennium as mean annual 383 temperature became colder. Future climate is projected to change in the opposite direction-384 warmer climate as the result of current anthropogenic warming (IPCC,2013) . This suggests that 385 tundra wildfires could occur more frequently in the future. Furthermore, the fate of permafrost is 386 directly tied to wildfires, with faster thaw as wildfires occur more frequently, and this positive 387 feedback between permafrost, climate and wildfire could amplify the degree of global warming. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Although wind can cause perturb the sediment-water interface in lakes and thus cause 3 sediment mixing, wind-induced sediment resuspension at the lake bottom of Lake Lin is unlikely.
4
According to Scheffer (1998) , particles at the sediment-water interface will resuspend if wind- 1998) . We found that the wavelength caused by NCEP/NCAR Reanalysis mean surface wind 9 velocity at Lake Lin, which has a fetch of 33 m, is 0.004 m. This wavelength is less than twice 10 the water depth (~1 m), and thus, wind induced mixing at the surface-water interface is unlikely.
11
In fact, it is very unlikely for wind-induced waves to cause sediment mixing at Lin no matter 12 how strong wind speed is because the fetch value at Lin is too small (Scheffer, 1998; Figure 2 .7).
13
Therefore, our assumption of the preservation of the core top is robust. Figure 1 . GIS maps of the study region, and locations of published Alaskan records. Map of Alaska with ecoregions represented in different colors (Nowacki et al., 2001) . Green, dark gray, medium gray and light gray patches show the YK Delta, tundra, temperate continental and temperate coastal, respectively. The black circles denote major Alaskan cities. The black star represents Lake Lin, our study site. The red circles show locations of published charcoal records (Chipman et al., 2015; Higuera et al., 2011) . The blue circles show locations of Alaskan temperature reconstructions (published: Kaufman et al., 2009; Bird et al., 2008; Mckay and Kaufman, 2008; Loso et al., 2006; Kurek et al., 2008; unpublished: Husain, 2017 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
